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INTRODUCTION
Cortisol is the primary steroid produced in the adrenal cortex. Cortisol secretion is regulated by adrenocorticotropic hormone (ACTH) and shows profound circadian rhythmicity and responsiveness to physical and psychological stressors. 1, 2 Measurement of cortisol levels in saliva has become more common over the past few years, and it is well documented that the level of cortisol in saliva represents the free form immediately upon awakening to those obtained 30 min after awakening. 18 The conspicuous variation of biological parameters is considered to be a manifestation of physiological dysfunctions, genetic differences, and diseases, and knowledge of this variation is a prerequisite for rational interpretation of laboratory results. CAR or diurnal cortisol decline has been used as an index of HPA axis function in various research fields, but the available descriptive statistical information on these indices is rather limited, which hinders attempts to evaluate cortisol secretory activity in individual patients. Therefore, in this study, cortisol levels were determined in saliva samples collected immediately upon awakening, 30 min after awakening and during the night from 133 healthy subjects on two consecutive workdays. We also analyzed changes in cortisol levels within the first 30 min of awakening and from 30 min after awakening to nighttime.
MATERIALS AND METHODS

Subjects
National health insurance companies within Korea support periodic physical examinations for individuals who do not have systemic diseases such as cancer, diabetes, and cardiovascular disease or who have not been hospitalized within the two years following their previous physical examination. Eligible volunteers were enrolled for this study at the time of their periodic physical examination between January and March 2009. None of the selected subjects were diagnosed with diabetes, hypo-or hypertension, a thyroid disorder, adrenal disorder, renal disorder, hepatic disorder or psychiatric disorder. None of the participants was pregnant or a night-shift worker. Individuals undergoing hormone replacement therapy, taking hormones for birth control or taking antidepressant medication or sleeping pills were also excluded. However, it was not possible to trace other minor psychological or physical health issues, such as sporadic or weak pain in the muscles, sleep quality, gastrointestinal trouble or psychological or financial stress among the subjects. General information about the health of the 133 participants is summarized in Table 1 .
Saliva collection
In total, 171 participants with full-time jobs were initially enrolled in this study. A minimum volume of 1 mL of saliva was collected by expectoration without stimulation. Particiof the steroid found in blood. 3 Moreover, collection of saliva is much easier than venipuncture and can readily be repeated at frequent intervals. These advantages provide a better assessment of the diurnal rhythm-mediated endogenous cortisol secretion. Salivary cortisol increases and reaches a peak 30 min after awakening and then decreases to its lowest level at nighttime. [4] [5] [6] Awakening stimulates ACTH secretion in the pituitary, which then stimulates cortisol secretion in the adrenal glands. 7 The rapid increase and peak in cortisol level after awakening is termed the cortisol awakening response (CAR). 8 Although it is thought that CAR is a distinct part of diurnal cortisol rhythm, CAR and diurnal cortisol rhythm actually represent two separate adrenocortical activities. CAR signifies the activation of the hypothalamus-pituitaryadrenal (HPA) axis after awakening, and the diurnal cortisol decline represents adrenal secretory activity over the remainder of the diurnal cycle. 9 CAR has received much attention from researchers and has been used as an adrenocortical index in various fields. Many studies have shown that altered CAR appears to be associated with psychosocial factors and health. Patients with hippocampal atrophy, 10 hypertension 11 or psychosomatic disorders such as fatigue, depression, post-traumatic stress disorder (PTSD) and sleep disorders exhibit blunted CAR, but healthy subjects under typical stress, such as jobrelated stress, exhibit normal or heightened CAR. 12 The diurnal cortisol decline and nighttime cortisol levels have also been used as adrenocortical indices. In the allostasis theory, altered diurnal cortisol decline is considered to be indicative of adrenocortical activity when determining allostatic status. 13 Patients with metastatic breast cancer, 14 in an exhausted state 15 or with chronic fatigue syndrome 16 have altered diurnal cortisol decline. Some studies have shown that nighttime cortisol level, representing adrenocortical activity, can be used to distinguish patients with Cushing's syndrome from healthy controls. 17 Based on these previous findings, it is believed that variation in CAR (i.e., heightened or blunted CAR), altered diurnal cortisol decline and nighttime cortisol levels are closely associated with physical and psychosomatic disorders. The magnitude of the increase in cortisol levels after awakening differed from study to study, but there is consensus that a 50-150% increase in cortisol concentration, as measured in saliva, occurs within an hour after awakening. 1 We have also found that there is considerable inter-individual variation in cortisol levels when comparing samples obtained The collected samples were stored at -70°C after removal of debris. To precipitate mucins, the samples were thawed and centrifuged (10,000 g, 15 min, 4°C). 22 The supernatant was collected and stored at -70°C until the assay was performed.
Salivary cortisol measurements
The steroid levels in saliva were determined by radioimmunoassay (RIA) as previously described. 18, 23 Exogenously added 5.5 nmol/L and 22.1 nmol/L cortisol in charcoal-stripped saliva was determined to be 5.4±0.7 nmol/L (n=20) and 22.9±1.9 nmol/L (n=20), respectively. The inter-assay coefficients of variation (CV) as assessed from quality controls with mean cortisol concentrations of 2.8, 5.3 and 13.7 nmol/L were 7.8%, 10.2% and 14.0%, respectively (n=26). Intra-assay CVs for the same pool were less than 10% (n=15). The analytical sensitivity for cortisol was 1 nmol/L.
Data analysis
Absent CAR has only been reported in patients with hippocampal damage, 24 severe global amnesia 25 and Asperger syndrome. 26 However, the absence of CAR commonly appears when collecting the first sample with a delay of more than 10 minutes after awakening (i.e., non-compliant subject) in healthy subjects. 19 The typical CAR is defined as an pants were asked to collect their own saliva samples following their sleep-wake cycle: immediately upon awakening, 30 minutes after awakening and nighttime (before bedtime) for two consecutive workdays. For this purpose, a saliva-collecting pack containing six collecting tubes, a zipper bag and instructions was distributed or delivered to each subject. Participants were instructed to collect saliva samples at the designated times (<10 min after awakening, 30±5 min after awakening and bedtime) on workdays [18] [19] [20] and to note each collection time on the marking area of the collecting tube (Simport, QC, Canada). All participants were asked not to drink alcohol on the previous night. During the 30 min before collecting the sample, the participants were asked to not smoke, eat food or drink any fluids, to rinse their mouths with water and refrain from brushing their teeth. Cortisol concentrations are stable after storage of saliva at -20 or -80°C for up to one year, and repeated freezing and thawing of samples up to four times before analysis would not affect the measured concentrations, 21 so participants were asked to keep the saliva samples in their own domestic freezers before sample submission.
Samples contaminated with blood, as determined by visual inspection, were excluded from the study. Samples collected outside of the designated times and those lacking a time or date on the marking area of the tube (n=17) were also excluded. We accepted 154 samples collected from nonclinical subjects (men: n=71, women: n=83) to assay after the selection procedure. All participants provided informed consent and were given information regarding their hormonal levels. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the institutional review board of Korea University Anam Hospital. lection day) on the log-transformed cortisol levels at each time point and auxiliary index. Group differences in the observed cortisol levels at each time point and auxiliary index were analyzed using the Mann-Whitney test or KruskalWallis test with Dunn's multiple-comparison test. To assess the stability of cortisol levels at each measure and each auxiliary index between two days, Pearson's correlations were computed between cortisol levels across the two sampling days using GraphPad Prism version 5.01 for Windows (San Diego, CA, USA). Simple regression analysis was performed to determine the relationship between each variable included in Table 1 and steroid concentration variable (cortisol levels at each examined time point) using GraphPad Prism. Statistical calculations were performed using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA). All results are presented as mean±standard deviation (SD), and a p value <0.05 was considered significant.
RESULTS
Cortisol levels after awakening and at nighttime
Cortisol levels in the saliva samples collected immediately upon awakening (CA 0 min ), 30 min after awakening (CA 30 min ) and at nighttime (NC) for two consecutive days were measured in this study ( Table 2) .
Observed CA 0 min , CA 30 min and NC were also analyzed after logarithmic (log) transformation. The Shapiro-Wilk normality test revealed that the log-transformed CA 0 min , CA 30 min and NC followed a normal distribution (all W with p>0.05). The log-mean (±SD) value of CA 0 min was 0.9±0.2 nmol/L, and that of CA 30 min and of NC were 1.2±0.2 nmol/L and 0.3±0.2 nmol/L, respectively. The anti-log values of the logmean (±SD) CA 0 min , CA 30 min and NC were 7.7±1.7 nmol/L, 15.8±1.6 nmol/L and 2.2±1.7 nmol/L, respectively.
As seen in Table 2 , cortisol levels at each time were comparable in terms of collection days as well as gender. Repeated measures two-way ANOVA revealed that there was increase of at least 2.5 nmol/L from baseline cortisol levels in compliant subjects, 6 and this value is used as an index for normal cortisol response in research and clinical fields. 19 For these reasons, all samples from subjects who exhibited a difference of <2.5 nmol/L in cortisol levels measured immediately upon awakening as compared to 30 minutes after awakening on one of the two collection days (21 subjects) were excluded from all further data analyses after the assay procedure. Cortisol values were lower than 75 nmol/L in all samples, indicating that they had not been contaminated with blood and did not have altered pH. 27 Ultimately, the data obtained from saliva samples collected from 133 subjects on two consecutive days (male: n=59; female: n=74) (mean age: 38.0±11.9 years) were included in the present study. The 133 subjects were comprised of 46, 26, 31 and 30 subjects in their twenties, thirties, forties and fifties, respectively.
The mean wake-up time for the 133 subjects on the two consecutive days was 6:23 AM (range: 4:30-7:50 AM, r=0.60). The first saliva sample was collected 5.6±1.8 min after awakening (range, 2-8 min after awakening, coefficient of variation (CV)=35.6%), and the second saliva sample was collected 30.5±4.0 min after awakening (range 25-35 min after awakening, CV=9.8%). Nighttime saliva samples were collected at 22:12±2.48 hours (range: 20:16-00:41 hours, r=0.53).
To obtain auxiliary indices for CAR, the increase in cortisol level during the first 30 min after awakening [CARi, cortisol level 30 min after awakening (CA 30 min ) -cortisol level immediately upon awakening (CA 0 min )] and the relative increase in cortisol level during the first 30 min after awakening (CARi%, [(CA 30 min -CA 0 min )/CA 0 min *100] were calculated for each of the 133 subjects. The secreted cortisol concentration ranging from the time immediately upon awakening to 30 min after awakening {CARscc, [(CA 0 min + CA 30 min )/2]*(t 30 min -t 0 min )} was also calculated for each of the 133 subjects after modification of the previously proposed formula for the area under the curve with respect to baseline value. 28 To obtain auxiliary indices for nighttime cortisol concentrations, the ratio between CA 30 min and nighttime cortisol (CA 30 min /NC), the diurnal decrease in cortisol level (DCd, CA 30 min -NC) and the relative diurnal decrease in cortisol level (DCd%, [CA 30 min -NC]/CA 30 min *100) were also calculated.
Two-way repeated-measures analysis of variance (ANO-VA) was applied to reveal the possible effects of different variables (collection day, gender, collection time and col-cortisol levels were significantly and positively related to increasing age (F 1,131 =4.16, p=0.0433 by linear regression analysis).
Auxiliary indices for cortisol levels after awakening period
The auxiliary indices for CAR, the secreted cortisol concentration ranging from the time immediately upon awakening to 30 min after awakening (CARscc), the increased cortisol concentration within 30 min after awakening (CARi) and the relative increase in cortisol concentration 30 min after awakening to immediately upon awakening (CARi%), were calculated from the data obtained for each subject and then analyzed.
The CARscc was distributed in the range from 73.7 nmol/L to 1261.0 nmol/L, and a Shapiro-Wilk normality test revealed that it was not normally distributed (W=0.91, p<0.001), but that log-transformed CARscc followed a normal distribution (W=0.99, p>0.05). CARscc was slightly higher in feno significant collection day or gender effect on cortisol levels immediately upon awakening (CA 0 min ), 30 min after awakening (CA 30 min ) or at nighttime (NC)(all F with p>0.05). However, repeated measures two-way ANOVA revealed that there was a significant effect of saliva collection time on cortisol levels (F 2,792 =857.2, p<0.001). Since there were no differences in cortisol levels for any measure when comparing the first and second collection days or when comparing males and females, the data at each time point was pooled for the two consecutive days to facilitate analysis.
The observed cortisol levels at each collection time over the first and second collection days were significantly correlated with each other in both genders (r=0.36-0.71, p<0.05 for all analyses) ( Table 2 ). The between-day variation of CA 0 min (33.2±20.8%) and NC (32.1±25.5%) was greater than that of CA 30 min (21.3±14.9%)(p<0.001 for all analyses). Simple regression analysis revealed that there was no relationship between each variable included in Table and cortisol levels at each examined time point, but nighttime Correlation between the first and second collection days in all examined samples. 
A B C
weakly but significantly correlated (r=0.27, p<0.005), and the between-day variation for CARi% was 47.9±33.9%. Median (IQR) values and the 5th-95th percentile range for the CARscc, CARi and CARi%, and the mean (SD) and central 95% interval for the log-transformed CARscc and CARi% are summarized in Table 3 .
Auxiliary indices for nighttime cortisol levels
The molar ratios between CA 30 min and NC (CA 30 min /NC ratio), the diurnal decrease in cortisol levels from 30 min after awakening to nighttime (DCd) and the relative diurnal decrease in cortisol levels (DCd%) were calculated and analyzed.
The CA 30 min /NC ratio ranged from 1.9 to 43.9, and did not follow a normal distribution (W=0.81, p<0.01). However, the log-transformed CA 30 min /NC ratio was distributed normally (W=0.99, p>0.05). The CA 30 min /NC ratio in females (mean; 9.8±6.6) on both collection days was slightly higher than that of males (8.5±4.2), but a two-way ANOVA test revealed that there was no significant collection day or gender effect on the CA 30 CARi values between the first and second collection days were strongly correlated (r=0.47, p<0.001), and the betweenday variation for observed CARi was 33.3±27.0%. The CARi% values on the first and second collection days were Absolute and relative increased cortisol levels within the first 30 min after awakening. research fields. 13 CAR is a relatively new index for the HPA axis, 4 and it represents the activation of the HPA axis in response to awakening. 7 Knowledge of variations regarding CAR and nighttime cortisol levels in healthy subjects is a basic prerequisite for evaluating HPA axis function. Because a cortisol peak is generally observed 30 minutes after awakening, 1, 6 we need statistical information or a reference range for each variable, such as cortisol level immediately upon awakening, 30 min after awakening, CARi and CARi%, to correctly interpret individual variations of CAR. Only 14 papers investigating CAR 4, 6, 20, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and three papers proposing a reference range for morning cortisol levels [40] [41] [42] in healthy subjects were identified after searching for previous studies with the key word "salivary cortisol" in PubMed (1960-June, 2010). However, none of these previous studies provided statistical information to evaluate individual variations in CAR.
There have been study-to-study variations in reported cortisol levels immediately after awakening (15.1-23.4 nmol/L) and 30 minutes after awakening (23.0-34.7 nmol/ L) in four population-based studies (n>120). 6, 20, 38, 39 Cortisol levels immediately after awakening and 30 minutes after awakening (8.4±5.2 nmol/L and 17.0±8.7, respectively) in the present study were lower than mean values in previous studies, but the CARi in the present study (median; 7.7 nmol/L) was close to that of previous studies (8.0-11.4 nmol/L). This indicates that cortisol levels more steeply within the first 30 minutes increased in our study's subjects (median; 114.1%) than in those of previous studies (mean; 48.3 -68.0%). Genetic factors and social stress significantly influence CAR, 43 and some studies have also reported racial/ ethnic variations in CAR and diurnal cortisol rhythm. 44, 45 When we account for the racial/ethnic difference in CAR and the significant influence of genetic, social, and environmental factors on CAR, the relatively lower cortisol levels after awakening and the sharper increase in cortisol level indicate a particular characteristic of HPA axis function in the Korean working population. also similar between males (82.7±10.4%) and females (84.5±9.1%) and between the first (83.1±11.5%) and second (84.5±10.1%) collection days (all U with p>0.05).
There was a weak but significant correlation in DCd% between the first and second collection days (r=0. 35 The values of DCd and DCd% on the first and second collection day were significantly correlated (r=0.67 and 0.37, respectively, p<0.001 for all analyses), and the between-day variation for the DCd and DCd% was 25.8±19.1% and 10.2±8.1%, respectively. The statistical information for the observed and log-transformed CA 30 min /NC ratio, DCd and DCd% is summarized in Table 4 . 
DISCUSSION
Information regarding variations in hormone levels between individuals is essential for the accurate interpretation of laboratory results. Measured cortisol levels or indices for adrenal function in and of themselves are difficult to interpret in routine tests. To overcome this difficulty, the present study provides basic statistical information regarding cortisol levels immediately upon awakening, 30 min after awakening and at nighttime. This study also assessed the additional parameters of the cortisol increase within the first 30 min of awakening and the cortisol decrease from 30 min after awakening to nighttime to increase the understanding of cortisol secretory activity.
Indices for adrenal function, such as cortisol diurnal rhythm, molar cortisol to dehydroepiandrosterone ratio and nighttime cortisol level have been commonly used in various el. 1, 36, 37 Thus, the present results will help to understand cortisol secretory activity in working-age, active adults as well as younger and older patients. Second, daily stress and cortisol-related minor health issues, such as sporadic fatigue and sleep disorders, were not fully examined in each subject, and the effects of these parameters on cortisol secretory activity was not included in this study. Although chronic diseases and economic, psychological and daily stress influence cortisol secretory activity, 12 we do not yet fully understand the nature of these relationships. Thus, given our selective inclusion and exclusion criteria for cortisol-related acute and sporadic minor health issues, this dataset may be helpful in creating reference ranges for salivary cortisol. Third, we did not objectively monitor the saliva collecting time. To avoid the effect of delayed collection on measured CAR, saliva samples collected outside of the designated time were excluded from the inspection stage. All samples from subjects who exhibited a difference of <2.5 nmol/L in cortisol levels measured immediately upon awakening as compared to 30 minutes after awakening on one of the two collection days were considered non-complaint, and all of their samples were excluded from this study. Accurate saliva sampling is critical for the assessment and interpretation of cortisol profiles, and electronic monitoring devices will be helpful to objectively monitor saliva collection time and improve adherence to the designated collection time. 19 Overall, collection of saliva is much easier than venipuncture and can readily be repeated at frequent intervals. These advantages provide a better assessment of the subtle changes in diurnal rhythm-mediated endogenous cortisol secretion. Confounding factors of CAR and nighttime cortisol level have been identified, and guidelines for the collection of saliva samples and psychosomatic and psychiatric symptoms associated with HPA axis dysfunction have also been well-documented. 1, 12 Therefore, knowledge of the variations in CAR and nighttime cortisol levels will be helpful towards understanding the laboratory results of each individual subject. For these reasons, we provided descriptive statistics regarding CAR and salivary nighttime cortisol level in a Korean working population. The information provided in the present study will be of value to medical specialists and researchers involved in HPA axis assessment.
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There are no systematic guidelines from a respected body such as the International Federation of Clinical Chemistry (IFCC) [53] [54] [55] [56] to create reference values and intervals for salivary cortisol. It is also difficult to apply IFCC recommendations to salivary cortisol because cortisol secretory activity shows a profound diurnal rhythm and is affected by psychological and physical stress and genetic factors, as described above. Novel guidelines that designate reference values and intervals for salivary cortisol are needed to make this assessment more useful and available for clinical purposes.
We also found no significant differences in cortisol level for any time point or in the auxiliary indices between collection days, genders and ages, similar to other studies. 4, 6 However, there are some limitations to this study, one being the relatively small age range of participants. Subjects below 20 and above 60 years of age were not included. Previous studies have shown that age, body mass index and menstruation cycle are not associated with baseline or peak cortisol lev-
